The existence of a semi-weak interaction involving the electron neutrino and the nucleons, which has received a convincing confirmation through a good agreement between the theoretical and experimental results concerning all observable processes with solar neutrinos, should also inevitably manifest itself in the deuteron disintegration by reactor antineutrinos neutral currents. In this paper, the analytical and numerical characteristics of such a disintegration are presented. An analysis of a number of methodological features is given in parallel with the results of two accomplished reactor experiments with heavy water as compared to the appropriate elements of the SNO experiment on the deuteron disintegration by solar neutrinos.
Introduction
In the works [1] , [2] , we have presented a substantiation of the existence of a hidden enough semi-weak interaction involving the electron neutrino and the nucleons, which is carried by a massless pseudoscalar isoscalar boson ϕ ps . The electron does not possess such an interaction at the tree level. We adhere to the classical concept that the neutrino field of any sort is described by a bispinor representation of the proper Lorenz group and obeys the Dirac equation. The semi-weak interaction Lagrangian, invariant under transformations of the orthochronous Lorentz group and of the isospin group SU (2), has the following form L = g νepsνe γ 5 ν e ϕ ps + g N psp γ 5 pϕ ps − g N psn γ 5 nϕ ps .
The semi-weak interaction manifests clearly itself through the results of experiments with solar neutrinos due to the fact that the Sun essentially plays the role of part of the experimental setup, providing about 10 collisions with its nucleons for every neutrino. Each such a collision, firstly, changes the neutrino handedness, so that at the exit from the Sun the fluxes of left-and right-handed electron neutrinos are approximately equal, and, secondly, reduces the neutrino energy ω in proportion to its square: ∆ω ≃ ω 2 /M , where M is the nucleon mass. Having the only free parameter, the effective number of neutrino collisions with the Sun nucleons n 0 , or the value of the product of the coupling constants g psνe g psN , we obtained a good agreement between the theoretical results based on Lagrangian (1) and the results of all the five types of experiments with solar neutrinos: 37 Cl → 37 Ar, 71 Ga → 71 Ge, ν e e − → ν e e − , ν e D → e − pp, and ν e D → ν e np. Such an agreement is reached at n 0 = 11. On the basis of this number, the following estimate is obtained
The results of the first four mentioned experiments reflect the semi-weak interaction of the electron neutrinos in the Sun. At the same time, the results of the experiment on the deuteron disintegration by the solar neutrinos neutral currents reflect the semi-weak interaction of electron neutrinos, both in the Sun and in the terrestrial installation. Specifically, the disintegration of the deuteron into a proton and a neutron is caused by two non-interfering sub-processes. In the first sub-process, which has a standard description based on the WeinbergSalam model, only the left-handed solar neutrinos are involved that interact with the deuteron nucleons through the Z-boson exchange. Accurate calculations of the cross-section of this sub-process are given in works [3] - [5] . In the second sub-process caused by the semi-weak interaction, both the left-and right-handed solar neutrinos are involved due to the massless pseudoscalar boson exchange with the deuteron nucleons. The cross-section of this sub-process σ ps (ω) is calculated in work [2] within a long-standing practical approximation. It is given by the formula
where B = 2.2246 MeV is the binding energy of the deuteron, δ = M p − M n = −1.2933 MeV is the mass difference between the proton and the neutron, and (a 2 s M ) −1 = 0.0738 MeV. The errors related to the quantity σ ps (ω) (3) are of two types, namely, the ones coming from an error in the coupling constant product (2) and the other from the approximation in the calculation of this quantity. We estimate the latter error from the discrepancy between the cross-section values for the Z-boson exchange sub-process obtained by accurate computations in work [3] , and the values obtained by a method analogous to our present approximation. This is reflected in table 5 of the work [2] , where the most significant difference is at the process threshold.
2. The rates of deuteron disintegration by the neutral and charged currents of reactor antineutrinos,ν e D →ν e np and ν e D → e + nn
Note, that at the energy values ω, typical for solar neutrinos and reactor antineutrinos, the cross-sections of the deuteron disintegration by neutrino and by antineutrino caused by the Zboson exchange, σ νe Z (ω) or σν e Z (ω), show only a minor difference [4] . The deuteron disintegration caused by the ϕ ps -boson exchange has identical cross-sections for neutrinos and antineutrinos. The numerical values of the cross-sections for the both sub-processes with reactor antineutrinos are given in table 1. ω σν In what follows, any quantity A related to reactor antineutrinos produced in the fission of the isotopes 235 U, 238 U, 239 Pu, and 241 Pu will be denoted, respectively, as A 5 , A 8 , A 9 , and A 1 . Recall a number of known things. The energy released in the fission of any of the listed isotopes, E (in MeV/fission), is approximately the same: E 5 = 202.8, E 8 = 205.9, E 9 = 207.3, and E 1 = 211.0 (see, for example, [6] ). The relative contributions α(t) of the isotopes to the number of fissions in a reactor change with time. For example, during a standard operation period of a VVER-1000 reactor, they change in the intervals as follows [7] : α 5 (t) ∈ [0.65, 0.48], α 8 (t) ∈ [0.07, 0.07], α 9 (t) ∈ [0.24, 0.37], and α 1 (t) ∈ [0.04, 0.08].
On the basis of table 1, it is easy to conclude that the contribution of semi-weak interaction to the rate of the deuteron disintegration by reactor antineutrinos is comparable with that of electroweak interaction. Consequently, in the theoretical calculations for such a rate, it is acceptable at the present stage to ignore inaccuracy (essential for refined experiments) in the existing description of the spectra of reactor antineutrinos S i (ω), i = 5, 8, 9, 1, discovered by the collaboration Daya Bay [8] under comparing their experimental results with the results of the widely known works [9] and [10] . In our calculations, we use the results of work [9] .
The cross-sections of the deuteron disintegration by neutral currents integrated over the spectra of reactor antineutrinos per one fission of a considered isotope (named as the integral cross-sections),
are presented in The integral cross sections averaged over the reactor isotopes relative contributions
where X = Z, ps, nc, cc, will be called the weighted integral cross-sections. During a standard operation period of a VVER-1000 reactor, the weighted integral cross-sections change within the following intervals (in unit of 10 −43 cm 2 /fission):
.218], and Σ r cc (t) ∈ [0.103, 0.095]. Evidently, the listed variations are too small to have an effect on the conclusion about a significant contribution of semi-weak interaction to the deuteron disintegration rate by reactor antineutrinos. In the following, we will be using the central values of these intervals with the error bands steming, respectively, from the uncertainty in the knowledge of the isotopes relative contributions, from the uncertainty in the coupling constants (2) 
Take E = 205 MeV/fission as the energy released in the reactor at the fission of any isotope. Then, for an experimental installation filled with heavy water D 2 O of mass m and placed at the distance R from the reactor with thermal power W , the per day number of deuteron disintegration events N X caused by this or that process or sub-process X can be calculated by the following formula
It is worth paying attention to the opinion of an expert in the functioning of nuclear reactors that in practice a reactor often operates at a power lower than its nominal one [7] .
A view of the accomplished experiments on the deuteron disintegration by reactor antineutrinos
Let us focus on an appraisal of the methodics and the results of two accomplished experiments on the deuteron disintegration by reactor antineutrinos. One such experiment took place on a reactor at the Savannah River Plant [11] , [12] , and the other experiment with the same (or identical) installation and with the same technique took place on the Bugey reactor-5 [13] . In the Savannah River Plant experiment, the thermal power of the reactor was considered to be W = 2000 megawatt, the experimental installation was at a distance of R = 11.2 m from the reactor, and the mass of heavy water was m = 268 kg. According to equalities (6) and (7), at the conditions of the mentioned experiments, the expected rates of the deuteron disintegration by neutral currents caused solely by electroweak interactions N Z , caused by a joint contribution from electroweak and semi-weak interactions N nc , and the expected rate of the deuteron disintegration by the charged current N cc are given by the following number of events per day
for the Savannah River Plant reactor and
for the Bugey reactor-5. In the above experiments, the positron is not registered, so that the assertions about the deuteron disintegration are only based on the neutron registration with the ten proportional counters placed in heavy water and filled with the gas 3 He mixed with Ar. An accurate estimate of the efficiency of neutron registration in these conditions, as being an extremely important element in the discussed experiments, requires a realization of a number of different dedicated studies. In the following, we take into account the studies [14] , [15] with proportional counters filled with the gas 3 He mixed with CF 4 , which have been performed in the framework of setting up the third phase of the experiment on the deuteron disintegration by the solar neutrinos neutral currents at the Sudbury Neutrino Observatory (SNO) [16] . In the first phase of this experiment [17] , the neutrons were detected via capturing by deuterium, with the emission of gamma quantum with the energy of 6.26 MeV. In the second phase [18] , the NaCl salt was dissolved in heavy water and the neutron was detected by capturing it with the 35 Cl nucleus emitting a cascade of gamma quanta with total energy of 8.6 MeV. The final value of the registration efficiency in the proportional counters at SNO for the neutrons produced in heavy water is taken equal to 0.211 ± 0.007 [15] . The good agreement between the results of all three phases of the SNO experiment also witnesses that the indicated value of neutron registration efficiency is acceptable.
Note, first, that in the experiments with reactor antineutrinos [11] - [13] , the heavy water is located in the cylinder with the base radius of 27 cm and the height of 122 cm, which is surrounded by lead [11] . Second, in the SNO experiments with solar neutrinos [16] - [18] , the heavy water fills a ball with a radius of 606 cm, which is surrounded by ordinary water H 2 O [14] . Third, the mean travel distance for a neutron in the heavy water before its capture is 113 cm [14] . All these numbers give reason to believe that the probability for a neutron to go, due to diffusion, beyond the limits of the heavy water tank where it was produced, is much greater in the experiments [11] - [13] than in the experiments [16] - [18] . Along with that, apparently, the probability of counters triggering at the neutron capture by helium-3 is nearly the same in the experiments of both these types. Therefore, we can expect that the efficiency of neutron registration with proportional counters in the experiments with reactor antineutrinos η is less than 0.211 ± 0.007: η < 0.211 ± 0.007.
Thus, we consider the efficiency values η = 0.32 ± 0.02 in [11] , [12] and η = 0.29 ± 0.01 in [13] do not meet the reality. Let us pay attention to the fact that the formation of following products is possible in the nuclear reaction n + 3 He → 3 H + 1 H: 1) two neutral atoms causing no shower in the counter and no neutron registration; 2) two ions; 3) a neutral atom, an ion and an electron; 4) two ions and two electrons. We consider it possible that, in the cases 2)-4), some proportional counter detects two time separated showers caused by the capture of a single neutron by helium-3 and interpreted as the capture of two neutrons. This possibility is indicated by the work [11] reporting about events with three neutrons at the rate of 2.1 ± 1.1 per day. Unfortunately, there is no comment about the potential nature of these events in that work. So, it is not excluded, that some part of the deuteron disintegration events counted in works [11] - [13] as events with two neutrons are actually events with one neutron.
Let us now focus on the numbers. There is no doubt that in the conditions of the experiments [11] - [13] where the noticeable manifestation of neutrino oscillations, if they exist, is impossible, the real rate of the deuteron disintegration by the charged current of the reactor antineutrinos,ν e D → e + nn, coincides with the theoretical values N cc given in the equalities (8) and (9) . Then, (1 − η) 2 N cc events are completely lost, only one neutron is registrired in R 1n,cc ≡ 2η(1 − η)N cc events, and two neutrons are registrired in R 2n ≡ η 2 N cc events. Thus, in view of the efficiency (10), it should be expected that the observable per day rate of events with two neutrons satisfies the relation R 2n < 2.4 for the Savannah River Plant reactor and the relation R 2n < 1.2 for the Bugey reactor-5. Along with that, it has been reported that the per day rates of the registred events with two neutrons are respectively: 3.66 ± 1.67 (mode B) and 2.24 ± 2.31 (mode C) in work [12] , and 2.45 ± 0.48 in work [13] . It is worth turning here to the assertion expressed in the previous paragraph.
Denote the total number of events with one neutron registered per day as R 1n . It is accepted that the experimental rate of the deuteron disintegration by neutral currents of reactor antineutrinos, R nc , is given by equality
Using the values of R 1n given in works [12] and [13] and the relations (8)- (10) we have (per day): R nc > 240 ± 22 (mode B) and R nc > 238 ± 93 (mode C) for the Savanna River Plant reactor, and R nc > 136 ± 11 for the Bugey reactor-5. It is remarkable that the lower estimates of the experimental rates of events with neutral currents, R nc , are noticeably greater than the theoretical rates of the neutron disintegration events N Z caused solely by the electroweak interaction as given in the equalities (8) and (9) . Consequently, the accomplished experiments on the deuteron disintegration by reactor antineutrinos give evidence in favor of our model with semi-weak interaction rather than against it.
I am especially impressed and upset by the fact that in the two experiments with reactor antineutrinos, carried with the participation of the same group of known experimentalists, the values of the quantity, which the experiments were set for, differ from each other by a large factor. Namely, the quantity R = CCD exp /NCD exp CCD th /NCD th ,
where CCD (NCD) is the rate of the deuteron disintegration process by a charged (neutral) current of reactor antineutrinos, has the value R = 0.38 ± 0.21 or 0.40 ± 0.22 [12] (depending on the theoretical spectrum of antineutrinos) in the experiment at the Savannah River Plant reactor and the value R = 0.96 ± 0.23 [13] in the experiment at the Bugey reactor-5. It is bad that the participants of the Bugey reactor-5 experiment, who seem to control the matter better than the other, did not announce the shortcomings in the setup and processing of the preceding experiment at the Savannah River Plant reactor that led to radically other results.
Conclusion
To carry new experiments on the deuteron disintegration by reactor neutrinos is extremely important both for neutrino physics and for the whole particle physics and the field theory in the light of the well-justified opinion about the existence of semi-weak interaction.
The extensive and broad-ranging methodological and practical basis of SNO developed and well-proven in the experiments with solar neutrinos should be used in the preparation and carrying out such experiments. It is also necessary to keep in mind the methodological difficulties that accompanied the reactor experiments with heavy water and were partially noted in this paper.
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